Abstract. Vertical profiles of particle backscattering coefficient at 355, 532 and 1064 nm measured by the lidar Raman system BASIL have been compared with simulated particle backscatter profiles obtained through a Mie scattering code based on the use of simultaneous and almost co-located profiles provided by an air-borne optical particle counter. . Experiment -Special Observation Period 1 (HyMeX-SOP1). Results from two selected case studies are reported and discussed in the paper and two slightly different analysis approaches are illustrated and applied to the dataset. Results reveal a good agreement between measured and simulated multi-wavelength particle backscattering profiles. Specifically, simulated and measured particle backscattering profiles at 355 and 532 nm are found to deviate less than 15 % (mean value=7 %) and 50 % (mean value=30%), respectively, when considering the presence of a Continental/Urban aerosol component. Reported 20 results reveal a good agreement between measured and simulated multi-wavelength particle backscatter profiles, which ultimately testifies lidar ability to infer the aerosol type from these measurements.
importance in meteorological and climate studies, only a limited number of remote sensing techniques can provide vertically 30 resolved measurements of the microphysical properties of this important atmospheric component. For example, in-situ sensors transported by air balloons or any other flying vector allow measuring the vertical profile of aerosol size and microphysical properties, with high vertical resolution (of the order of 10 m), but typically with a limited temporal resolution. Any experiment aimed at characterizing the temporal evolution of aerosol microphysical properties would require several consecutive balloon launches or flights, with the time lag between two consecutive launches/flights unlikely being 35 smaller than 1 hour, with consequent detriment of the temporal resolution. Additionally, in-situ particle sensors are quite heavy and bulky, which -in the case of balloon-borne experiments -implies the use of quite large aerostatic balloons. This makes monitoring very expensive and logistically difficult to implement.
Remote sensing techniques can overcome these limitations. A variety of passive optical remote sensors (i.e. spectroradiometers, sun and sky photometers, etc.) have demonstrated their capability to characterize aerosol microphysical 40
properties, but they lack in vertical resolution, which makes them scarcely suited for vertically resolved measurements of aerosol size and microphysical properties. Low vertical resolution is combined with a limited temporal resolution when these techniques are implemented sun-synchronous orbiting platforms, with a typical "revisit time" of several hours. Active remote sensing systems may overcome this limitation. Specifically, lidar systems with aerosol measurement capability are characterized by high accuracies and temporal/vertical resolutions, which makes them particularly suited for this kind of 45 applications. Lidar measurements of aerosol optical properties have been reported since the early sixties (among others, Fiocco and Grams, 1964; Elterman, 1966) . Originally, measurements were carried out with single-wavelength elastic backscatter lidars capable to provide vertical profiles of the particle backscattering coefficient at the laser wavelength. In these systems the particle backscattering coefficient is determined from the elastic lidar signals based on the application of the Klett-Fernald-Sasano approach (Klett, 1981 (Klett, , 1985 Fernald, 1984) . More recently, the acquired capability to measure 50 roto-vibrational Raman lidar signals from nitrogen and oxygen molecules has made the determination of the particle extinction coefficient also possible (Ansmann, 1990; 1992) . The possibility to retrieve particle size and microphysical parameters from multi-wavelength lidar data of particle backscattering, extinction and depolarization has been recently demonstrated by a variety of authors (Müller et al., 2001 (Müller et al., , 2007 (Müller et al., , 2009 Veselovskii et al., 2002 Veselovskii et al., , 2009 Veselovskii et al., , 2010 . This measurement capability can be combined with the capability to measure atmospheric thermodynamic profiles (Wulfmeyer et 55 al., 2005; Di Girolamo et al., 2008 , 2018a to characterize aerosol-cloud interaction mechanisms. The ground-based University of Basilicata Raman Lidar system (BASIL) has a demonstrated capability to provide high-quality and accurate multi-wavelength Raman lidar measurements for the retrieval of particle size and microphysical parameters (Veselovskii et al., 2010; Di Girolamo et al., 2012) . The system was deployed in Candillargues (Southern France) in the period AugustNovember 2012, in the frame of the Hydrological cycle in the Mediterranean Experiment (HyMeX) Special Observation 60 Period 1 (SOP1). In the present manuscript, measurements collected by BASIL are illustrated with the purpose to characterize atmospheric aerosol optical properties. These measurements, in combination with in-situ measurements from an airborne optical particle counter and the application of a Mie scattering code, are used to infer aerosol types and their primary microphysical properties. The outline of the paper is the following: section 2 is dedicated to the description of the Raman lidar system BASIL and the airborne optical particle counter; section 3 illustrates HyMeX-SOP1. The methodology 65 is illustrated in section 4, while measurements and simulations are reported in section 5. Finally, section 6 summarizes all results and provides some indications for possible future activities.
Instrumental setup

BASIL
The Raman lidar BASIL was built around a pulsed Nd:YAG laser, emitting pulses at 355, 532 and 1064 nm, with a 70 repetition rate of 20 Hz. The system includes a large telescope in Newtonian configuration, with a 400 mm diameter primary mirror, primarily used to collect Raman and higher range signals. Two additional smaller telescopes, developed around two 50 mm-diameter 200 mm-focal length lenses, are used to collect backscatter echoes at 1064 nm and total and cross-polarized backscatter echoes at 532 nm. Laser emission at 355 nm (average power of 10 W) is used to stimulate Raman scattering from water vapour, nitrogen and oxygen molecules (Di Girolamo et al., 2004 , 2006 , 2009a , which are ultimately used to measure 75 the vertical profiles of atmospheric temperature, water vapour mixing ratio and aerosol extinction coefficient. Elastic scattering from aerosol and molecular species at 355, 532 and 1064 nm are used to measure the vertical profiles of the aerosol backscattering coefficient at these three wavelengths. Raman echoes are very weak and degraded by solar radiation in daytime. Consequently, the above specified high laser power and large telescope aperture are required to generate and collect daytime Raman signals with a sufficient signal-to-noise ratio throughout a large portion of the troposphere. The 80 instrumental setup of BASIL has been described in detail in several papers (Di Girolamo et al., 2009a , 2009b , 2012a , 2012b 2016; 2017; Bhawar et al., 2011) .
Optical Particles Counter
An optical particle counter (OPC), manufactured by GRIMM Aerosol Technik GmbH (model Sky-OPC 1.129), is used to measure the size resolved particle number concentration in the size range 0.25 -32 μm. The sensor includes 31size bins. A 85 laser beam generated by a 683 nm diode laser invests aerosol particles exiting a pump chamber; the scattered radiation is deflected by two separate mirrors and detected by the photo sensor (Heim et al., 2008) . By summing up the particle number over all sizes, the total number concentration is derived (Grimm and Eatough, 2009) . The model used in the present effort has a specific airborne design (McMeeking et al., 2010) . The use of a differential pressure sensor and an external pump allows the OPC measurements independently of environmental pressure conditions. The OPC was installed on-board the 90
French research aircraft ATR42, operated by the Service des Avions Instrumentés pour la Recherche en Environnement (SAFIRE), as part of an ensemble of in-situ sensors for the characterization of aerosol and cloud size and microphysical properties. Dedicated flights by the ATR42 were performed during HyMeX-SOP 1 in the frame of the Wa-Li-Temp EUFAR project, with the aircraft looping up and down in the area of the Raman lidar system. 
Methodology
The volume scattering coefficient can be expressed as:
with Q back (r) being the particle scattering efficiency and n(r) being the particle size distribution. 120 Q back (r) can be expressed as (Grainger et al., 2004) : where the terms a n and b n are the Mie scattering amplitudes of nth magnetic partial wave, which are obtained through the expressions:
where m is the complex refractive index; x=2 π r/ λ is the size parameter, given λ is the wavelength of the radiation and r is the radius of the sphere. The functions   (5) where r m is the median radius of the distribution and the standard deviation of ln r is ln S. Thus, the log-normal distribution is values, which depend on the aerosol type, and integrating the expression over the three distribution modes. To perform these computations a specific scattering code was developed by the authors in IDL environment.
Results
Case Study on 13 September 2012 140
During the first ascending spiral, in-situ sensors on board the ATR42 were operated in the altitude region from 650 m to 5700 m above sea level (hereafter in the paper all altitudes are intended above sea level), covering the 40 min-time interval between 19.55 and 20.35 UTC. BASIL was operated in the time interval 19.00-23.00 UTC. Figure 2 illustrates the temporal evolution of the particle backscattering coefficient at 532 nm over the time interval 19.30-21.30 UTC. The figure is illustrated as a succession of 5 min vertical profiles with a vertical resolution of 7,5 m. The figure reveals the presence of a 145
shallow nocturnal boundary layer, testified by the presence of an aerosol layer extending up to 500-600 m, and the presence of a residual layer extending up to 1500-2100 m.
Wind direction measurements performed by the on-board flight sensors reveal a primarily Northerly wind, with direction varying in the range ±30° depending on altitude. The NOAA HYSPLIT model (Draxler e Rolph, 1998; Stein et al., 2015) has been used to determine the origin of the sounded air-masses. The HYSPLIT model allows computing air parcel trajectories, 150
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but it can also be used to simulate complex transport, dispersion, chemical transformation and deposition. A common application of the HYSPLIT model is the back-and forward-trajectory analysis, which is used to determine the origin or destination of air masses and establish source-receptor relationships.
In the present effort the HYSPLIT model is used to estimate air mass trajectories at specific altitude levels in the days preceding their arrival on the lidar site in Candillargues. Specifically, figure 3 Air masses reaching the measurement site at altitudes of 428 and 2828 m were originated around Iceland and Greenland and passed at low altitudes (< 400 m) over the North Atlantic Sea and over industrialized areas in France, while air masses at 5826 m originated in the North Atlantic Sea in the proximity of the Canadian coasts and persisted in marine environment for 160 almost 5 days before reaching France. Based on the involved air masses, we formulate the hypothesis that low level sounded particles consist of continental polluted aerosols, while particles at higher altitudes are an internal mixture of continental polluted aerosols with marine salt (i.e. an aerosol coming from a marine polluted environment).
In order to properly model these different particle types, we speculate that aerosols transported from a continental area with high anthropic impact are characterized by the presence of soot in nuclei mode, water soluble in accumulation mode and 165 dust-like in coarse mode (d 'Almeida et al., 1991) . d 'Almeida et al. (1991) , Junge and Jaenicke (1971) and Junge (1972) suggested the use of a tri-modal log-normal size distribution (see expression 1 below), indicating specific values for the two primary size distribution parameters, i.e. the modal radius, r , and standard deviation, σ: Specifically, d 'Almeida et al. (1991) , reported values of r and σ for the soot mode of 0.012 μm and 2.00, respectively, for the water soluble mode of 0.024 μm and 2.24, respectively, and for the dust-like mode 0.471 μm and 2.51, respectively. These values are considered in the 170 following computations.
The log-normal size distribution has been computed considering the OPC data in the dimensional range 0.25 -2.5 μm, with a 300 m vertical integration window. Results are illustrated in figure 4 (bold black line). In this same figure the size distribution was computed with the OPC data is compared with the theoretical distributions for the three different modes (fine mode -red line, accumulation mode -violet line, coarse mode -light blue line). 175
For each of the three modes, the number of particles has been varied in order to have the total theoretical distribution (thin black line) matching the experimental distribution computed with the OPC data. The matching between the experimental and theoretical distributions has been optimized based on the application of a best fit procedure. This approach was applied to each altitude level. In figure 4, we are considering experimental and theoretical distributions at an altitude of 1529 m, this being the lowest altitude where the OPC measured aerosols larger than 0.7 -0.8 μm. Above 1529 m, the aerosol composition 180 of the coarse mode has been modified by replacing the dust-like component with sea salt, consistently with the initial hypothesis of a different aerosol origin and composition above a definite altitude. The modal radius and distribution width ( ¯=0.3 μm and σ = 2.51, respectively) used in the simulations for this aerosol typology are again derived from literature (d 'Almeida et al., 1991; Shettle and Fenn, 1976, 1979 For the purpose of these simulations, values of the real, nr, and imaginary part, ni, of refractive index in the proximity of the 185 three lidar wavelengths (355, 532 and 1064 nm) for the three different aerosol components are taken from different literature papers (d 'Almeida et al., 1991; Shettle and Fenn, 1976; Shettle and Fenn, 1979; WCP-112, (986) . These values are reported in Table 1 . The vertical profiles of particle backscattering coefficient at 355, 532 and 1064 nm have been simulated through the above specified Mie scattering code from the OPC data, considering values of ¯ and σ for the different aerosol components. 190 In order to quantify the agreement between measured and simulated particle backscatter profiles at the three considered 205 wavelengths, deviations for each profile pair expressed in terms of the root mean squared (RMS) deviation and BIAS were calculated using the following expressions (Behrendt et al., 2007; Bhawar et al., 2011) :
where q 1 (z) and q 2 (z) are the measured and simulated particle backscattering coefficient profile, respectively. It is to be 210 pointed out that the BIAS quantifies the potential offset between the two profiles, while the root mean squared deviation includes all the possible deviations between the two profiles, which may be caused by systematic and statistical error sources affecting measured and simulated profiles, but may be also associated with atmospheric variability (i.e. different air masses sounded by BASIL and the OPC). Figure 8 shows the BIAS (left panel) and RMS deviation (right panel) profiles of the measured vs. the simulated particle backscattering coefficient at 355 nm. Black and red lines represent two different 215 variability ranges (± 10 % and ± 60 %, respectively, for BIAS, and 0-10 % and 0-100 % for RMS deviation, respectively). The red and black scales are used to highlight the variability of these parameters at different altitudes. BIAS values are within the interval -1.36.45 % up to 3900 m and exceed 25 % above this altitude; RMS deviation values are within the interval 1.2-7.5 % up to 3900 m, being as large as 28 % above this altitude. Figure 9 shows the BIAS and RMS deviation profiles of the measured vs. the simulated particle backscattering coefficient at 220 532 nm. BIAS values are within ± 10 % up to 3000 m and RMS deviation values are not exceeding 15 % up to this same altitude. Finally, figure 10 shows the BIAS and RMS deviation profiles of the measured vs. the simulated particle backscattering coefficient at 1064 nm, with values for the former quantity within ± 30 % up to 2500 m and for the latter quantity smaller than 50 % up to this same altitude. Again, these large BIAS and RMS deviation values are the result of the large statistical uncertainty affecting lidar measurements at 1064 nm to be attributed to the use of a reduced laser emission 225 power at this wavelength, as already mentioned above.
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Case Study on 02 October 2012
A second flight took place on 2 October 2012. During the ascending spiral, in-situ sensors on board the ATR42 were operated in the altitude region from 680 m to 5700 m, covering the 44 min time interval between 19.43 and 20.27 UTC.
BASIL was operated over the time interval time interval 16.00-24.00 UTC. 230
Wind direction measurements performed by the on-board flight sensors reveal a North-Westerly wind, with direction varying in the range 220-320° depending on altitude. Figure 11 shows the 5-days back-trajectories from the NOAA HYSPLIT model at 600 m, 4000 m and 6000 m (in red, blue and green, respectively), ending on the lidar site at 20.00 UTC on 2 October 2012. HYSPLIT back-trajectories confirm the in situ data in terms of wind direction.
These results reveal that air masses reaching the measurement site at an altitude of 600 m were originated in Northern 235
Atlantic Ocean, south of Iceland, and passed at low altitudes (500-600 m) over continental areas with high anthropic impact (Ireland, England and Northern France). A different path characterizes air masses at 4000 m. These originated over the Northern Atlantic Sea, off-shore the Canadian coast, and overpassed the Northern coast of Spain before reaching the measurement site. Finally, the air masses reaching the measurement site at 6000 m originated over the North Pacific Ocean, overpassed Canada, the North Atlantic Ocean, the northern coast of Spain and finally reached the measurement site. 240
In the analysis of this second case study, we applied a different approach: we didn't formulate any a-priori hypothesis on the composition of the sounded aerosol particles. The aerosol typology was instead determined by minimizing variances between measured and simulated particle backscattering profiles at 355 nm and 532 nm. Initial values in terms of modal radius, ¯, standard deviation, σ, and refractive index for the different aerosol components were taken from d 'Almeida et al. (1991) . At each altitude, the particle size distribution measured by the optical particle counter is compared with the five 245 aerosol typologies listed in d 'Almeida et al. (1991) , which for the sake of clarity are reproduced below:
• Average continental (continental environment influenced by anthropic pollution),
• Urban (continental environment heavy influenced by anthropic pollution), applied this same analysis approach also to the data at 532 nm, with figure 13 illustrating the vertical profiles of measured and simulated particle backscattering coefficient at 532 nm over the same time interval considered in figure 12. Again, simulated particle backscatter profiles include the five above specified aerosol components. More specifically, in this case study, differently from the first one, a modified version of the approach defined by Di Iorio et al. (2003) was applied in order to determine the sounded aerosol typology. This approach is based on the minimization of the 280 relative deviation between the measured and the simulated particle backscattering coefficient, i.e.: where z k is the altitude. Figure 14 illustrates the deviations between the measured and the simulated particle backscattering coefficient profiles at 355 nm.
The smallest deviations between measured and simulated particle backscattering coefficient profiles over the considered 285 altitude range are obtained when considering the presence of a Continental/Urban aerosol component (not exceeding 15 % up to 5000 m, with a mean deviation of 5.9 %). Deviations between measured and simulated profiles obtained considering a Marine polluted aerosol component are slightly exceeding these (smaller than 20 % up to 5000 m, with a mean deviation of 9.5 %), while simulated profile obtained considering the presence of either a Continental rural or an Arctic Summer aerosol component largely deviate from the measured profile (up to 80 %, with a mean deviation of 50.9% and 25.9%, respectively). 290 Figure 15 illustrates the deviations between measured and simulated particle backscattering coefficient profiles at 532 nm. In the attempt to simultaneously minimize deviations between measured and simulated particle backscattering profiles at both 355 and 532 nm, a total deviation can be computed as the root sum square of the single deviations at the two wavelengths, which can be expressed as:
300
This quantity was calculated for the five distinct aerosol components. Figure 16 illustrates the total deviations between the measured and the simulated particle backscattering coefficient profiles at 355 and 532 nm for the different aerosol components.
In order to facilitate the interpretation of these results, the total deviation between measured and simulated particle backscattering coefficient profiles for the different aerosol components has been plotted together with the measured particle 305 backscattering profiles at both 355 and 532 nm (figure 17). It is to be noticed that the deviation in the form of the particle backscattering profiles at 355 and 532 nm below 600 m is due to the overlap effect, which is primarily affecting the inversion procedure applied to the 532 nm elastic signals in this altitude interval. The inversion approach applied to the elastic signals to determine the corresponding particle backscattering coefficient profiles is in fact different for the two wavelengths (355 and 532 nm). Specifically, particle backscattering coefficient profiles at 355 nm are obtained through the 310 application of the Raman techniques, which relies on the ratio between the 355 nm elastic signal and the simultaneous molecular nitrogen roto-vibrational Raman signal; these two signals are characterized by an almost identical overlap function, and therefore the overlap effect cancel out when ratioing the signals. As opposed to this, particle backscattering coefficient profiles at 532 nm are obtained through the application of a Klett-modified inversion approach (Di Girolamo et al., 1995 , 1999 , which does not rely on the ratio between signals with an almost identical overlap function. 315
Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-268 Manuscript under review for journal Atmos. Meas. Tech. that all three aerosol components are possible. However, while this upper portion of the boundary layer is typically characterized by entrainment effects (interfacial region), which may allow different aerosol components to be ingested, the Continental/Urban component is likely to be the predominant component.
Above the top of the boundary layer and up to 2700 m (altitude 2), particle backscatter decreases with altitude, which is probably the effect of the decreasing number concentration of the same aerosol type (Continental/Urban) as a results of the 325 progressive attenuation of the underlying convective activity. The typology analysis suggests Continental/Urban aerosols likely to be the predominant component, as in fact total deviation between the measured and the simulated particle backscattering coefficient profiles for this aerosol component is far lower than for all other aerosol components.
In the altitude interval 2700-3600 m (altitudes 2-3, with max. at 3000 m) the measured particle backscatter profiles reveal the presence of a distinct aerosol layer. The typology analysis indicates both the Continental/Urban and the Marine polluted 330 components to be possible. An additional distinct aerosol layer is found in the altitude interval 3600-4600 m (altitudes 3-4, with max. at 4000 m). Again, the typology analysis suggests both the Continental/Urban and the Marine polluted components to be possible. Sounded aerosol particles at 3000 and 4000 m are compatible with an internal mixture of continental polluted aerosols with marine salt (i.e. an aerosols originated in a marine environment and mixed with polluted continental aerosols), this possibility being confirmed by the back-trajectory analysis at 3000 and 4000 m. 335
Summary
During HyMeX-SOP1, the Raman lidar system BASIL was deployed in Candillargues (Southern France) and operated almost continuously over a two month period in the time frame October-November 2012. Dedicated flights of the French research aircraft ATR42 were carried out in the frame of the EUFAR-WaLiTemp Project. The ATR42 payload included in situ sensors for turbulence measurements, as well as aerosol/cloud microphysics probes. Among these, an optical particle 340 counter (GRIMM Aerosol Technik GmbH, model: Sky-OPC 1.129) capable of measuring particle number concentration in the size interval 0.25 -2.5 μm. A specific flight pattern was considered for the purpose of this study, with the aircraft making spirals up and down around a central location approximately 20 km eastward of the lidar site. Vertical profiles of the particle backscattering coefficient at 355, 532 and 1064 nm have been simulated through the use of a Mie scattering code, using the data provided by the optical particle counter. The simulated particle backscatter profiles have been compared with the 345 profiles measured by the lidar Raman system BASIL. Results from two selected case studies (on 13 September and on 02
October 2012) were reported and discussed. Two slightly different analysis approaches, both based on the application of a Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-268 Manuscript under review for journal Atmos. Meas. Tech. 
